Summary. The isolated perfused rat pancreas was stimulated sequentially with arginine or glucose to analyze the time-dependent modulation of insulin release. A 10-min perfusion with arginine (5.0 mmol/1) induced 75% inhibition of the insulin response to repeated arginine stimulation 10min later. When glucose (8.3 retool/l) was given as two pulses, inhibition of the second insulin response was less pronounced. The inhibitory effect generated by arginine also suppressed the insulin response to glucose (27.7 mmol/l), and this inhibitory effect persisted for over 80 min. Stimulation for 30 min with glucose (27.7 mmol/1) strongly potentiated the insulin responses to a pair of arginine stimuli given 20 min later. However, despite augmented secretion rates, the insulin response to the second arginine pulse was still inhibited by 75%. When insulin secretion was strongly amplified by two 10 min pulses of the synergistic mixture of arginine (5.0mmol/1) and glucose (8.3 mmol/1), there was no inhibition of the second insulin response. If glucose (8.3 mmol/1) was present during the first arginine stimulation only, the response to the second arginine pulse was inhibited as in control experiments. However, when glucose was added to the second arginine pulse only, the inhibition generated by the first arginine pulse did not express itself, insulin release remaining similar to control. We conclude that: (1) short stimulations of the pancreas by arginine or glucose generate long-lasting inhibition of the insulin response to subsequent stimulations; (2) synergistic amplification of the insulin response by addition of glucose to arginine obliterates the inhibition; (3) glucose does not suppress the induction of inhibition, it blocks the expression of the inhibitory signal on insulin secretion; (4) these in vitro findings are in keeping with observations in normal and hyperglycaemic man.
Studies in vivo and in vitro have demonstrated that the insulin secretion rate is modified by prior sensitization of the pancreas to various insulin releasers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . While some stimulators like glucose may generate either a state of potentiation or inhibition in the islet according to the conditions of exposure [2, 3, 8] , arginine induces only an inhibitory state [3, 11] .
The inhibitory state generated by prior exposure to glucose or arginine, termed time-dependent inhibition (TDI), has so far been described only in vivo. In an accompanying paper [11] we demonstrated that it was absent in moderately or slightly hyperglycaemic man (non-insulin-dependent diabetes and obesity), and could be abolished in normal subjects by the acute induction of hyperglycaemia. Since arginine and glucose administration in vivo lead to complex modifications in the milieu of the B cell, and since plasma levels of insulin give only an indirect measure of the insulin secretion rate, the perfused rat pancreas was used to quantify the TDI generated by arginine, and characterize its modification by interactions with glucose.
Materials and methods
Fed male Sabra rats (Hebrew University Animal Farm, Jerusalem, Israel) weighing 200-250 g were used. They were anaesthetized by IP injection of 100 mg/kg thiopentone sodium. The pancreas was isolated completely and perfused at 37 ~ via the abdominal aorta with Krebs-Ringer bicarbonate buffer containing CaCI2 (1.25 mmol/1), bovine serum albumin (2.0%), glucose (3.3 mmol/l), and gassed with O2:CO2 (95%:5%). Perfusion pressure was maintained by means of an adjustable pressure head and the flow kept at 2.5 ml/min. Experiments were initiated after a 30 min basal perfusion. When indicated, the perfusion was changed to a parallel system (dead volume 0.1 ml) for stimulatory pulses with buffer containing arginine and/or glucose.
Insulin (IRI) was determined in the perfusate by radioimmunoassay using rat insulin standard (Novo Research Institute, Bagsvaerd, Denmark).
Statistical analyses were performed using two-tailed paired Student's t-test. Results are expressed as mean + SEM. 
Results
To demonstrate TDI the pancreas was stimulated with a pair of 10 min perfusions of arginine (5.0 mmol/l) in the presence of basal glucose (3.3 mmol/1) at an interval of 10 min. Figure 1 and Table 1 show that the insulin response to the second stimulation was inhibited by 75%. When the pancreas was subjected to an additional pair of stimuli with arginine after 60 rain, a TDI of the same magnitude was observed; the peak insulin secretion rate during the third stimulus was however somewhat lower than during the first, indicating that the inhibitory effect generated by the first pair of arginine infusions had not entirely disappeared (Fig. 1) . When 10-rain stimulations with glucose (8.3 mmol/1) were used instead of arginine, peak insulin secretion was inhibited by 30% during the second stimulus; however no effect could be demonstrated on the total amount of hormone released (Table 1) .
Prolonged stimulation with glucose potentiates subsequent insulin responses. To investigate whether glucose-induced potentiation could abolish the arginineinduced TDI, a 30 min glucose stimulation (27.7 mmol/1) was introduced between two pairs of arginine pulses. As shown in Figure 2 , the third arginine-induced insulin response was augmented by 300%. However, the insulin response to the subsequent arginine stimulus was inhibited to the same extent as during the control arginine pair (77 and 79%, respectively). Thus, glucose-induced potentiation did not influence the inhibitory effect of arginine. Figure 2 also shows that the inhibition generated by the first pair of arginine infusions blunted the insulin response to glucose given 20 min later (88% inhibition of first phase, 55% of second phase).
When the perfused pancreas was stimulated by two consecutive 10 min periods of a mixture of the two secretagogues (5.0 mmol/1 arginine with 8.3 mmol/1 glucose) the inhibitory effect of arginine on insulin release was almost abolished, while a strong synergistic effect Table 1 ). Figure 3 B shows that addition of glucose only to the first arginine pulse, while demonstrating a marked synergistic effect on insulin release, did not prevent the inhibition of the response to the second arginine pulse. When the order of stimulation was reversed and glucose added only to the second arginine pulse, the inhibitory effect of arginine on insulin release was completely abolished. The insulin response to the third arginine (alone) infusion was still suppressed, reflecting the remaining inhibitory effect of the first pair of infusions. These results were also used to evaluate quantitative aspects of the synergism between glucose and arginine. When the insulin response to arginine (5.0mmol/1) + glucose (8.3 mmol/1) was compared to the sum of the responses to arginine and glucose given separately, the arginine-glucose synergism resulted in an increase of 150% in total insulin secretion and of 122% in peak insulin release for the initial stimuli, and of 194% and 216% respectively for the second pair of stimuli.
Discussion
We [1-4, 8, 10, 11] and others [5] [6] [7] 9] have shown that many agents which stimulate the acute release of insulin also modify the responsiveness of the islet for a considerable time, resulting in either potentiation or inhibition of subsequent insulin responses. We have termed these effects time-dependent potentiation and inhibition (TDI), respectively.
Arginine induces exclusively TDI [3] . Previous studies examining TDI were performed in vivo; the present report demonstrates that in the perfused pancreas, completely isolated from adjacent organs and disconnected from its nerves, a 10-min stimulation with a relatively low arginine concentration (5 mmol/1) markedly reduces the insulin responsiveness for considerable time. The maximal effect, approximately 75% inhibition, was recorded 10 min after the end of the priming arginine infusion, some degree of inhibition remaining for up to 80 rain. This persistence of the TDI signal in vitro is in accordance with findings in healthy volunteers given two arginine infusions [3] . Priming with arginine inhibited insulin release elicited either by arginine or glucose (Fig. 2) . This suggests that the inhibitory message generated by arginine is non-specific in its expression, so that the insulin response to any agent may be inhibited. In that respect it is similar to time-dependent potentiation which also lacks specificity, the insulin response to all agents being potentiated following priming with for example glucose [8, 12] .
We show, in an accompanying paper [11] , that chronic hyperglycaemia of moderate or of minimal degree, as well as moderate hyperglycaemia induced acutely by glucose infusion in healthy volunteers, obliterates the TDI generated by arginine. The present study shows that this action of glucose is a direct one on the pancreas. The interactions of glucose with arginine seem to be complex. That the two agents given together act synergistically and amplify insulin release is well known. We have shown here, as previously in vivo [3, 10] , that TDI can also be induced by glucose, albeit to a lesser extent than by arginine. On consecutive stimulations the second insulin response both to arginine and to glucose was diminished, so the sum of the responses to the two agents given together might be expected to show a similar inhibition. Since this was not the case, we conclude that the synergistic interaction of glucose with arginine blocks TDI. Glucose can amplify the insulin response by another mechanism, namely time-dependent potentiation (Fig. 2) . However, even in this amplified state the insulin response to the second arginine pulse remained inhibited. This leads us to conclude that amplification of the insulin response to arginine when glucose is present in the perfusate has a different mechanism from the amplification generated by pre-exposure to glucose.
The presence of glucose apparently does not prevent the generation of an inhibitory message by arginine since when glucose was added to the first arginine pulse only, the second insulin response remained inhibited (Fig. 3 B) . The mixture of glucose-arginine may even further enhance the generation of TDI, as demonstrated by the strong inhibition of the insulin response to arginine given as a third pulse at 110 rain (compare Figs. 1  and 3 B) . Glucose however seems to block the expression of the inhibitory message generated by arginine, since when added only to the second arginine perfusion, the full insulin response was restored. Clarification of the mechanism by which glucose interferes with the effectuation of TDI action must await further investigation.
